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This paper reports on the newly discovered occurrence of thick sequences (∼100 m) of Late Oligocene 
and Early Miocene (∼24.9 to ∼20 Ma) interbedded organic-rich sediments (sapropels) and pelagic 
(organic poor) carbonates at Sites U1466 and U1468 drilled in the Maldives archipelago during the 
International Ocean Discovery Program (IODP) Expedition 359. This occurrence is unusual in that this 
sequence is located > 1000 m above the surrounding ocean floor within an inter-atoll basin and 
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not linked to any known global oceanic events. Total organic content reaches as high as 35% in the 
darker layers, while the interbedded carbonates have concentrations of less than 0.1%. Trace elements 
characteristic of anoxic waters, such as Mo, V, Cr, U, and Pb, correlate positively with concentrations of 
organic carbon. Nitrogen isotopic data show no evidence that the intervals of high total organic carbon 
are related to enhanced productivity driven by upwelling. Instead, high organic carbon is associated with 
intervals of anoxia. We propose that sea-level fluctuations linked to changes in Antarctic ice volume 
restricted exchange with the open ocean causing bottom waters of the inter-atoll basin to become anoxic 
periodically. The architecture of the platform at the end of the Oligocene, combined with the global 
sea-level highstand, set the stage for orbitally-driven sea-level changes producing cyclic deposition of 
sapropels. The proposed mechanism may serve as an analogue for other occurrences of organic carbon-
rich sediments within carbonate platform settings.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Organic-rich deposits are abundant in the geological record 
(Algeo, 2004; Arthur, 1979; Jenkyns, 2010; Sageman et al., 2003;
Schlanger and Jenkyns, 1976). Whilst many ancient examples are 
thought to be related to global anoxic events, there are a few ex-
amples associated with the development of carbonate platforms 
(Gardner et al., 2013; Koster et al., 1988) and isolated basins 
(Emeis and Weissert, 2009; Lyons, 1991; Peterson et al., 1991), 
where restricted ventilation or enhanced productivity led to the 
preservation of total organic carbon (TOC). Here, we report on the 
newly discovered occurrence of a sequence of alternating organic-
rich and organic-poor sediments from International Ocean Discov-
ery Program (IODP) Sites U1466 and U1468 in the Maldives Inner 
Sea (Indian Ocean), examining the possible conditions that led 
to the formation of this unusual deposit in an inter-atoll basin 
through geochemical and sedimentological analyses. We also link 
this depositional system to paleoceanographic changes associated 
with Antarctic ice volume changes, and suggest that the inter-atoll 
environment of the Maldives may serve as an analogue system for 
other known organic-rich deposits with previously unclear origins.
1.1. Background
This study deals with samples from two cores from the Mal-
dives recovered during Expedition 359 of the International Ocean 
Discovery Program (IODP) (Betzler et al., 2016a). These sediments 
comprise a ∼3 km thick shallow water and hemipelagic car-
bonate succession (Aubert and Droxler, 1992) that formed on a 
lower Paleogene (60–50 Ma) volcanic basement (Duncan and Har-
graves, 1990). Although the primary aim of drilling during IODP 
Expedition 359 was to examine the timing of the South Asian 
Monsoon, which commenced at 12.9 Ma (Betzler et al., 2016a;
Betzler et al., 2018) and coincided with the expansion of the oxy-
gen minimum zone, deeper drilling revealed a ∼100 m section 
(20–23 Ma) of interbedded hemi-pelagic sediments rich in organic 
carbon at Sites U1466 and U1468 (Fig. 1). These sediments are the 
focus of this study.
2. Methods
Samples were taken from every dark layer and the intervening 
light colored layers between ∼700 and 800 mbsf at Site U1466 and 
between ∼720 and 805 mbsf at Site U1468. High-resolution sam-
pling was conducted in two core sections, U1466B-56R-1W and 
U1468A-105X-1W, where 2 cm3 samples were taken at ∼2 cm in-
tervals (Fig. 2).2.1. Organic δ13C and δ15N values and acid-insoluble material
Co-occurring sedimentary organic material was isolated via dis-
solution in 5% HCl acid following the method described in Oehlert 
et al. (2012). The residual organic carbon was combusted in a 
Costech ECS 4010 (Costech Analytical Technologies, Inc.). Water 
was removed and oxygenated species of nitrogen reduced to N2
using a Cu furnace held at 600 ◦C in the standard manner. For 
C and N isotopic measurements, the CO2 and N2 gases produced 
were transferred to a continuous flow stable isotope ratio mass 
spectrometer (Thermo Delta V Advantage). The δ13C and δ15N val-
ues of the samples are reported relative to the V-PDB (Vienna Pee 
Dee Belemnite) scale and atmospheric nitrogen respectively. The 
V-PDB scale for organic carbon is defined by the δ13C value of 
graphite (USGS24) = −16.05 versus V-PDB (Coplen et al., 2006). 
Within each run (typically 50 samples), a glycine and secondary 
standard were analyzed every ten samples. The reproducibility of 
δ13C and δ15N values of the standards was ±0.1 and ±0.3 re-
spectively.
2.2. Insoluble residue and total organic carbon
Weights and percentages of insoluble residue and TOC were 
analyzed and calculated following the methods of Oehlert et al.
(2012). The standard deviation of these analyses is 0.4 wt% based 
upon repeated analyses of glycine (n=54).
2.3. Inductively coupled plasma mass spectrometry
Samples from Core Section U1466B-56R-1W were analyzed for 
a range of major and trace elements (Li, Na, Mg, Al, K, Ca, Ti, V, Cr, 
Mn, Fe, Sr, No, Cd, Pb, Th, and U) using a quadrupole inductively 
coupled plasma mass spectrometry (ICP-MS) using Thermo iCAP-
Q at Princeton University. The method thoroughly dissolved the 
carbonate phase and partially dissolved other mineral phases and 
organic matter so the values analyzed represent a maximum value 
for the carbonate phase and a minimum for the bulk sample. Ap-
proximately 10 to 25 mg samples of bulk sediment were weighed 
out directly into clean, acid-washed Teflon beakers. The samples 
were dissolved by adding 5 mL of concentrated (∼16 N) distilled 
nitric acid, capping the beakers, and heating them at ∼75 ◦C for 
over 12 h. The beakers were then opened and dried down, and an 
additional 2 mL of concentrated nitric acid was added and dried 
down. The samples were then redissolved in 5 mL of 2% nitric acid. 
All mineral components appeared to be dissolved, although some 
brown detritus resembling remnant organic matter sometimes re-
mained. After centrifugation, the clear supernatant was diluted up 
to 200x to yield solutions of approximately 10 ppm Ca. Trace ele-
ment analyses were performed with matrix-matched standards at 
approximately 10 ppm Ca and with varying trace element concen-
P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13 3Fig. 1. A) Map showing the location of Sites U1466 and U1468 drilled during IODP Expedition 359. B) Seismic line showing the location and depth of penetration of Sites 
U1466 and U1468.trations to bracket those in the samples. Internal errors are better 
than 3% (RSD).
2.4. X-ray fluorescence
The X-ray fluorescence (XRF) scans were measured at the Ocean 
Drilling and Sustainable Earth Science (ODASES) XRF scanning fa-
cility at the IODP Gulf Coast Repository (GCR) in College Station, 
Texas (USA) using a third generation AvaaTech XRF scanner config-
ured to analyze split sediment core halves for elements between 
Mg and U in the periodic table (Lyle and Backman, 2013). The 
data were acquired with a Canberra X-PIPS Silicon Drift Detector 
(SDD) with 150 eV X-ray resolution at 5.9 keV and a Canberra Dig-
ital Spectrum Analyzer model DAS 1000. The X-ray source was an 
Oxford Instruments 100 W Neptune X-ray tube with a rhodium 
(Rh) target. Raw spectral data were processed using the Canberra 
WINAXIL software package to produce elemental intensity data. 
The dual slit system was set to provide down-core spatial reso-lution of 10 mm and cross-core spatial resolution of 12 mm. The 
system was set to perform three consecutive runs of the same 
section, the first one at 9 kV, 0.25 mA and 6 s, the second one 
at 30 kV, 1.25 mA and 6 s, and a third at 50 kV, 2 mA, and 
40 s. The elements of interest in the first scan were Ba, Ca, Cr, 
Fe, K, Mg, Mn, and S, in the second were Br, Mo, and Pb, and 
Cd in the third. Each core section was removed from refrigera-
tion at least 2 h before scanning and scraped to clean and smooth 
the core surface. The split core surface was covered with 4 μm 
thick Ultralene plastic film to prevent contamination of the X-ray 
detector. Measurements were taken at 3 cm intervals whenever 
possible. Because measurements cannot be performed if the sed-
iment presents cracks or an uneven surface some measurements 
were skipped or shifted to the nearest suitable area. In addition, 
Core Sections U1466B-56R-1W and 2W were analyzed at 2 cm res-
olution. In order to evaluate the reliability of the analysis of certain 
elements (Fe, Al, Sr, Si K, Ca, Br, Mo, and Ba) a companion study 
(Kunkelova et al., 2018) analyzed samples of pressed pellets using 
4 P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13Fig. 2. Core photograph of dark and light layers from Core Sections A) U1466B-56R-1 
& 2, and B) U1468A-105X-1.
a fully quantitative conventional XRF method. That study measured 
67 samples from Cores 359-U1467C-4H to −6H on a conventional 
XRF instrument in Edinburgh with the same pellets measured on 
the AvaaTech XRF core scanner in College Station, Texas. For these, 
1 g aliquots of core material were ground in an agate mortar and 
pestle and then pressed into 1 cm diameter pellets using a pel-
let press operating at a pressure of 2 t/cm2. Pellets were analyzed 
on a Philips PW2404 XRF spectrometer with a Rh-anode X-ray tube. Corrections for matrix effects on the intensities for major 
element lines were made using theoretical alpha coefficients cal-
culated using Philips software (Reynolds, 1963). Intensities of the 
longer-wavelength trace element lines were corrected for matrix 
effects using alpha coefficients based on major element concen-
trations. For other trace elements, matrix corrections were applied 
using the Rh K alpha Compton scatter line as an internal standard. 
Line overlap corrections were applied using synthetic standards. 
The spectrometer was calibrated with 15 USGS and CRPG standards 
using the values given in Govindaraju (1994).
2.5. Inorganic stable carbon and oxygen isotopes
Carbonate materials were reacted with phosphoric acid using a 
common acid bath at 90 ◦C and the CO2 released analyzed using 
a dual-inlet mass spectrometer (Finnigan-MAT 251) at the Univer-
sity of Miami. The CO2 gas was calibrated using NBS-19 (National 
Bureau of Standards) and reported relative to V-PDB using the con-
ventional notation. Replicate analyses yielded a precision < 0.1
for both δ13C and δ18O values.
2.6. Fatty acids
In intervals with high organic content, sediment samples from 
Hole U1466B were obtained to analyze fatty acids. Fatty acids were 
analyzed using an on-line TMAH (tetramethylammonium hydrox-
ide) thermochemolysis. Individual finely powdered and dried sedi-
ment samples (∼14 mg) were placed in pyrofoil (foil for pyrolysis) 
and TMAH reagent (97%, Sigma-Aldrich Co., 25 wt.% methanol; 
40 μL) was added. After methanol was evaporated to dryness, 
the pyrofoil was wrapped and set into a Curie point pyrolyzer 
(JHP-3: Japan Analytical Industry Co.) and heated at 315 ◦C for 20 s. 
The resulting TMAH products were introduced into a GC column 
(DB-5 ms, 30 m x 0.32 mm i.d.; 0.25 μm film thickness) and ana-
lyzed by GC mass spectrometry (5975 C; Agilent Technologies Co.).
2.7. Downhole logging
Natural gamma radiation (NGR) and electrical resistivity were 
measured throughout the interval of organic-rich sapropels and 
organic-poor carbonates at Site U1468 during Expedition 359 
through wireline borehole logging. Downhole logging data were 
collected at 30 cm resolution with a 15 cm sampling interval us-
ing standard shipboard methods employed by IODP, described in 
detail by Betzler et al. (2016b).
2.8. Statistical methods
Factor analysis was performed using Statistica 8.0 and spec-
tral analysis using MATLAB™ (https://www.mathworks .com). Ages 
were calculated using the shipboard biostratigraphy (Betzler et al., 
2017) and the data were interpolated using a linear method to an 
interval of 10,000 yrs. Factor analysis was performed on the ICP-
MS data and the results normalized using a Varimax method.
2.9. Scanning electron microscopy
Selected samples were examined from Core U1466B-56R in 
both the dark and light layers. Small rock chips were mounted 
on aluminum stubs using epoxy resin, sputter coated with gold-
palladium and examined using a Zeiss Ultra Plus Field Emission 
scanning electron microscope (SEM) at the Natural History Mu-
seum, London.
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3.1. Age model
The ages of the sediments were determined by micropaleon-
tologists on the drilling expedition (Betzler et al., 2016b). The in-
tegrated nannofossil and planktonic foraminiferal stratigraphy pro-
vides a robust biostratigraphic framework for this carbonate se-
quence representing drowning of an ancient shallow water carbon-
ate platform. Several reliable biostratigraphic events were placed 
with a high degree of certainty. These include the first occurrence 
of Paragloborotalia kugleri, which indicates the Oligocene/Miocene 
boundary, and the last occurrence of the late Oligocene species 
Sphenolithus ciperoensis. The description of the sedimentology, age, 
and various chemical and physical properties can be found in the 
initial scientific reports (Betzler et al., 2016b) and additional pub-
lications (Betzler et al., 2016a; Betzler et al., 2018). Depth versus 
age plots for the two sites are shown in Fig. 3.
3.2. Sedimentology
The intervals investigated include Unit VII from Site U1466
(715.34-803.61 mbsf) and Unit VI (728.6-817.55 mbsf) from Site 
U1468. These overlie an Oligocene carbonate platform and a suc-
cession of shallow-water deposits (Betzler et al., 2016b) (Fig. 1B). 
Unit VII from Site U1466 was subdivided into two, with the lower 
unit (773.71-803.6 mbsf) showing clear manifestations of alterna-
tion between white chalks and very dark sediments. The upper 
portion (715.34-773.71 mbsf) also showed alternations although 
the contrast was less and diminished with decreasing depth. Based 
on the core photographs it is likely that the interval in both Sites 
U1466 and U1468 extends upwards to an age of approximately 
20 Ma, albeit with reduced intensity of the darker intervals in the 
younger sediments. The sediments in these units consist of wacke-
stone, locally and gradually changing into mudstone or packstone 
and display an alternation of laminated and poorly bioturbated 
dark intervals with highly to completely bioturbated light inter-Fig. 3. Age-depth curves for the Sites U1466 and U1468 (modified from Betzler et al.
(2018)). The age and depth of the dark and light layers are indicated by the thicker 
lines.
vals (Fig. 4). Sediments in the dark intervals have abundant plank-
tonic foraminifers, fish debris and nannofossils suggesting open 
marine conditions. The darker layers are finely laminated and lo-
cally show scattered discrete small-sized burrows of Thalassinoides, 
Phycosiphon, Palaeophycus, and Planolites and range in thickness 
from 1 to 25 cm and are intercalated with light wackestone in-
tervals, 5 to 300 cm thick. The sediments in the light intervals are 
highly bioturbated and contain abundant planktonic foraminifers 
and nannofossils. The latter are well preserved and diverse and 
show no consistent assemblage differences between the dark and Fig. 4. Facies and components of the dark and light layers. A) Close-up and B) photomicrograph of a dark layer at 790.8 mbsf from Site U1466 (U1466B-56R-1W, 117 cm) 
showing a wackestone with trace fossils (Phycosiphon-Ps, Planolites-Pl, and Thalassinoides-Th) and allochems (fish bones-FB, planktonic foraminifera-PF, and organic matter-
OM). C) Close-up and D) photomicrograph of a light interval at 806.960 mbsf from Site U1468 (U1468A-105X-1W, 76 cm) displaying a wackestone with a burrow of 
Palaeophycus (Pa), and common planktonic foraminifera (PF).
6 P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13Fig. 5. Scanning electron micrographs of fracture surfaces of sediment samples from a pair of light-dark levels with particularly good nannofossil preservation. A, B) Dark 
layer, Sample U1466B-56R-1W, 45 cm. The dominant coccolith is Cyclagelosphaera floridana, including several coccospheres, Sphenolithus disbelemnos is also common (conical 
nannoliths with honeycomb-like fabric). C, D) Light layer, sample U1466B-56R-1W-35. The dominant coccoliths are Cyclagelosphaera floridana (larger circular coccoliths) and 
Umbilicosphaera jafari (smaller circular coccoliths), note also strongly overgrown specimens of Discoaster deflandrei (lower right in D).light intervals (Fig. 5). Fish debris are rare to barren. Underlying 
the sequence of dark and light layers at Site U1468 is a sequence 
of shallow-water carbonate sediments representing the drowning 
of an Oligocene carbonate platform and the formation of the Inner 
Sea (Betzler et al., 2017).
3.3. Organic content
The darkness of the sediments is related to the TOC of the sed-
iment, which varies between <0.1% within the light layers to as 
high as 35% in one of the dark layers. The mean TOC (±1σ ) for 
the dark layers is 8.78±5.6% and 5.77±6.4% for Sites U1466 and 
U1468, respectively, compared to the light layers which have TOC 
of 0.73±0.78% and 0.15±0.22%. In both Sites U1466 and U1468, 
the intervals with the highest TOC are found in sediments between 
∼22 and 24 Ma (Fig. 6).
3.3.1. Carbon and nitrogen isotopic composition
The mean δ13C values of the TOC (δ13CTOC) are −20.9 at Site 
U1466 and −22.7 at Site U1468; there is no statistically signif-
icant variation between the dark and light layers. However, there 
is a gradual increase in the δ13C values at both Sites U1466 and 
U1468 from the base to approximately the top of the interval in 
which the dark and light layers are found. In Site U1466, the in-
crease in δ13C values is from −23 to −17 while at Site U1468 
the δ13C value increases from −24 to −20. Within the zone of 
dark and light alternations, the δ15N values of the TOC range from 
−1 to +2 with the organic-rich zones generally expressing more 
negative δ15N values (Fig. 7).3.3.2. Fatty acids
Most of the fatty acids are in the range C12 to C32, with C14–C18
fatty acids dominant (supplemental material, S1). There is a sta-
tistically significant increase in C24–C32 fatty acids below ∼770 
mbsf and the ratio of C24–C32 fatty acids to C14–C18 fatty acids 
(long/short ratio) increases towards the base of the dark and light 
intervals.
3.3.3. C/N ratio
The C/N ratio of the organic material varies between 10 and 
20 with no statistically significant differences between the dark 
and light layers. There appears to be a decrease in the C/N ratio 
towards the middle of the interval containing the dark and light 
layers followed by an increase towards the top.
3.4. Carbonate
3.4.1. Oxygen and carbon isotopic composition
Within Core U1466B-56R there is a variation of ∼1 in the 
δ18O values, with more positive values anticipating a concomitant 
increase in TOC (Fig. 7). The amplitude of these cycles is similar 
to the early Miocene benthic cycles of δ18O values in foraminifera 
noted over the same time interval on Ceara Rise (Zachos et al., 
2001). However, overall, the mean δ18O values of the dark layers 
(−1.86 in Site U1466 and −2.29 in Site U1468) are slightly 
more negative than the light layers (−1.60 in Site U1466 and 
−1.96 in Site U1468). The δ13C values of the carbonate com-
ponents are more negative within the dark layers compared to 
the light layers (+0.84 vs +1.28 in Site U1468; +0.97 vs 
+1.24 in Site U1466 (p < 0.01)) (Fig. 7).
P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13 7Fig. 6. Changes in the percent organic content, δ13COM, δ15N and C/N ratio and NGR (wireline logging data) for Sites U1468 and U1466 between 20 and 25 Ma. Two data 
points for the C/N ratio from Site U1466 have been omitted because they have values > 60. Wireline data are for Site U1468 only. Site U1468 is shown in the black symbols 
and Site U1466 with the red symbols. Also shown is the compilation of benthic δ18O values for the same time period from Zachos et al. (2001). (For interpretation of the 
colors in the figure(s), the reader is referred to the web version of this article.)
Fig. 7. Changes in the concentration of Cd, Ba, Fe, Al, Mo, V, Th, and U (determined by ICP-MS) compared to the percentage of organic carbon, the δ18O and δ13C values 
of the carbonate and the δ15N values measured in the TOC in Core Section U1466B-56R-1. The solid line in each graph represents a three-point moving average. All metal 
concentrations in ppm. Also shown is the Cd/Mo ratio as defined by Sweere et al. (2016). This shows the lowest values which are characteristic of anoxia, within the darker 
organic-rich layers.
8 P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13Fig. 8. XRF data from Core Section U1466B-56R-1 showing the variation in redox and dust related elements (Mo, Pb, Fe, K, Cd, Br, & S) associated with the dark and light 
layers (shown in core photograph). Concentration units for all elements are in counts per second.3.4.2. Trace elemental analysis
Scanning X-ray fluorescence
The elements Br, Cd, Fe, Mo, S, Pb, and Zn show a strong posi-
tive correlation between each other and with the concentration of 
TOC in the cores (Figs. 8 and 9). Generally, there is a sharp rise in 
the concentration of trace elements at the base of each dark inter-
val mirroring changes in the ‘darkness’ of these intervals.
Wet chemical analyses
Samples from Section U1466B-56R-1 were analyzed for a range 
of elements using ICP-MS. Whilst some of the elements analyzed 
were the same as those measured using XRF (Ca, Fe, Mo, Pb, and 
Sr), several others (Cr, Th, U, and V) were only analyzed using 
ICP-MS and provide important additional information on the re-
dox state and origin of the sediments. The concentration of certain 
elements (Ca, Fe, Mo, Pb, Al, and Sr) measured using ICP-MS are 
generally correlated with intensities measured using XRF, albeit 
with a lag of ∼2-4 cm (See supplemental material, S2 for cross 
plots between XRF and ICP-MS data and discussion). For other el-
ements (Cr, Ba, and Mg) no correlation was observed between the 
two methods (See supplemental material). Analogous to the XRF 
data, the concentration of a number of elements (Al, Ba, Cd, Cr, 
Fe, Li, Mo, Pb, Th, V, and U) were positively correlated with TOC in 
this core (Fig. 7). Principal component analysis shows a preferential 
clustering of Al, Cd, Cr, Fe, K, Li, Mo, Pb, Th, U, and V accounting 
for 54% of the variance (supplemental material, Fig. S3-11).Comparison to quantitative XRF analyses
Correlation coefficients range from about < 0.1 to ∼0.9 with K 
and Si having the highest values of about 0.9. Elements such as Fe, 
Si, and Al show R2 values > 0.8. A full comparison of the results 
from both methods are included in the supplemental material (S1).
3.4.3. Natural gamma radiation
At all sites, spectral natural gamma radiation (NGR) logs show 
that the NGR signal is almost entirely the result of variations in 
the concentration of U, with K and Th contributing only a minor 
proportion of the total signal (Betzler et al., 2016b). The NGR sig-
nal routinely shows a positive correlation with the concentration 
of TOC (R2 = 0.40, n=88 for Site U1468; R2 = 0.36, n=71 for Site 
U1466) and can be used to correlate core material with downhole 
logging data. Based on changes in the downhole NGR signal, be-
tween 30 and 35 dark (high TOC) layers were identified between 
24 and 21 Ma, only some of which were recovered in cores during 
drilling. A spectral analysis of NGR data show peaks at ∼100 and 
50 K yrs (Fig. 10A). Downhole NGR data were not measured below 
∼800 mbsf at Site U1468 so the oldest section of the interval is 
not represented.
3.4.4. Electrical resistivity
The electrical resistivity signal obtained from downhole logging 
is strongly correlated with the gamma radiation signal and was 
measured as deep as ∼822 mbsf at Site U1468; thus the resistivity 
P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13 9Fig. 9. XRF data from Core Section U1468A-105x-1 showing the variation in redox and dust related elements (Mo, Pb, Fe, K, Cd, Br, & S) associated with the dark and light 
layers (shown in core photograph). Concentration units for all elements are in counts per second.data span the full dark and light interval at this site. Resistivity, the 
inverse of conductivity, is typically used to evaluate porosity and 
these data indicate that the U-rich, dark layers likely have lower 
porosity (or less connected pore space and higher resistivity) than 
the light layers. A spectral analysis of these data (Fig. 10B) show 
peaks around 120, 80, and 40 K yrs.
4. Discussion
Previous work has shown that a rimmed platform with a pro-
tected basin developed in the Maldives during the Early to Late 
Oligocene transition when shallow-water carbonate production be-
came restricted to narrow bands at the ocean-ward edges, form-
ing a saucer shaped basin perhaps 50-100 m deep (Betzler et al., 
2018). The platform drowning at the Oligocene-Miocene transition 
coincided with a major sea-level rise during the early Miocene 
with an amplitude of approximately 50 m (Miller et al., 2011) and 
is perhaps synchronous with platform drowning events recognized 
in other locations (Mutti et al., 1997). After the drowning there 
was a gradual decrease in sea level (Zachos et al., 2001) which is 
coincidental with the development of the sapropels described in 
this paper.
While many factors can contribute to the origin of the color 
differences including variations in trace elements such as Fe, it 
is likely that the major cause of variations in these cores is a 
consequence of changes in the amount of organic material, with 
the darker layers, identified simply on a subjective inspection of color, containing an average of between 5.8 and 9.8 wt% com-
pared to 0.16 to 0.73 wt% in the lighter colored intervals. Whilst 
the presence of abundant oceanic biota suggests that oceanic con-
ditions were prevalent during deposition of both dark and light 
layers, the darker ones have the characteristics of sediments de-
posited in anoxic basins including a high TOC (2-39%) and an 
abundance of redox-sensitive trace elements (Brumsack, 2006;
Tribovillard et al., 2006). The occurrence of such layers is normally 
thought to result from enhanced productivity, enhanced preserva-
tion of organic material, dilution of the organic material by inor-
ganic material, or some combination of all of the above.
4.1. Productivity
While an enhanced productivity origin for the high TOC within 
the darker layers is supported by slightly higher concentrations of 
nutrient-related elements such as Cd, and to a lesser extent Ba, 
Cu, and Zn, the interpretation of variations in these elements is 
not straightforward (Tribovillard et al., 2006) and alternative ex-
planations, such as enhanced input of dust, are also possible. In 
some instances, higher concentrations of these elements are re-
lated to upwelling resulting in higher inputs of nutrients such as 
nitrate and phosphate (Boyle, 1981; Lea and Boyle, 1991) which in 
turn drive higher productivity within the water over the platform. 
However, upwelled waters would have been influenced by deni-
trification resulting in organic components with relatively positive 
δ15N values (Altabet and Deuser, 1985). This is contrary to what is 
10 P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13Fig. 10. A) Spectral analysis of natural gamma radiation data obtained from the 
downhole wireline logging at Site U1468 between a depth of 700 and 800 mbsf. 
B) Spectral analysis of electrical resistivity data from downhole wireline logging at 
Site U1468 between a depth of 700 and 820 mbsf. For both gamma radiation and 
resistivity data, age assignments have been made using shipboard biostratigraphy 
and have been interpolated to a time interval of 10,000 years. The blue line denotes 
the 95% significant level.
observed with the organic matter in the dark layers having δ15N 
values close to 0 (Fig. 7). This suggests that nitrogen fixation, 
rather than upwelled nitrate, was the major source of nitrogen for 
the organic production. Another potential source of nutrients in 
the darker layers is atmospheric dust (Figs. 7–9), identifiable as in-
tervals elevated in Al and K. While under coastal conditions fluvial 
sources might contribute non-carbonate materials, in The Maldives 
atmospheric deposition would be the primary source. This is sup-
ported by work which has shown an increased supply of dust in 
glacial periods during the past 2 Myrs, variation which is clearly 
related to Milankovitch periodicity (Kunkelova et al., 2018). In fact 
the darker layers do have high concentrations of K and Al, suggest-
ing either a constant input of dust combined with a lower sedi-
mentation rate within the darker intervals, or an enhanced dust 
input during these times. Nitrogen in dust typically has δ15N val-
ues close to zero (Knapp et al., 2010) and therefore the values are 
consistent with the data measured in this study. Lastly, it should 
be noted that N-fixation needs higher supplies of Fe, an element 
which is normally low in surface seawater. It has been proposed 
that such Fe can be supplied from dust and promote nitrogen fix-
ation (Swart et al., 2014). Regardless of the source of nutrients, 
enhanced productivity should have resulted in more positive δ13C 
values within the carbonate of the dark layers. In fact, the carbon-Fig. 11. Data from Core Section U1466B-56R-1 showing the relationship between the 
concentration of Mo and the TOC (red symbols) relative to similar data published by 
Algeo and Lyons (2006) from the Black Sea and Saanich Inlet; data for the Black Sea 
(black circles) and Saanich Inlet (green triangles) are from Algeo and Lyons (2006)
and (Francois, 1988) respectively. Data for the dark intervals are highlighted in the 
oval while the light layers have values of Mo and TOC close to zero.
ate within the darker layers possesses more negative δ13C values 
compared to the light layers, suggesting the darker layers cannot 
be explained by higher productivity. There were no differences in 
the δ13CTOC values between the dark and light layers. Hence, the 
δ13C values of both the organic and inorganic components tend to 
discount the enhanced productivity hypothesis as the major con-
trol on variability in TOC within the dark and light layers, although 
it may have been a contributing factor. These considerations as 
well as an absence of any consistent changes in the nannofossil 
assemblages between the light and dark layers suggests that any 
productivity signal was muted (Young et al., 2019).
4.2. Preservation
An enhanced preservation origin for the TOC within the dark 
layers implies that the bottom waters periodically became anoxic 
during sediment deposition, thus inhibiting degradation of or-
ganic material. This is supported by the higher concentrations of 
redox sensitive elements such as Mo, V, Th, Cr, and U within 
these organic-rich layers (Algeo and Lyons, 2006; Tribovillard et al., 
2006). Under reducing conditions Mo, V, Cr, and others are quickly 
adsorbed by Fe and Mn-oxyhydroxides or incorporated into sul-
fides. As a consequence, while the waters in modern anoxic basins 
show high concentrations of these elements, they are also scav-
enged from the bottom waters, leading to an eventual depletion 
of these elements in poorly ventilated basins. Basins which are 
very restricted tend to have lower concentrations than those basins 
with moderate restriction. This situation is well exemplified by Mo 
which has been widely used as a paleoredox proxy (Algeo and 
Maynard, 2004; Piper, 1974; Sageman et al., 2003). Variations in 
the concentration of Mo relative to TOC was studied in a number 
of modern anoxic basins, including the Cariaco Basin, the Black Sea, 
Framvaren Fjord, and Saanich Inlet (Algeo and Lyons, 2006). These 
basins have sedimentary Mo/TOC ratios ranging from ∼5 to 50 (x 
10−4). By comparison, samples from the darker organic-rich layers 
of Core U1466B-56R have Mo/TOC ratios of approximately 30, sim-
ilar to those found in the Cariaco Basin and near the highest ratios 
found in modern anoxic basins (Fig. 11). Using the correlation be-
P.K. Swart et al. / Earth and Planetary Science Letters 521 (2019) 1–13 11Fig. 12. Plot of the Cd/Mo ratio versus TOC as a distinction between upwelling 
(Cd/Mo > 0.1) and restricted settings (Cd/Mo <0.1) after the definition of Sweere 
et al. (2016). Data from the Black Sea (black circles) (Brumsack, 1989), Arabian Sea 
(purple polygons) (van der Weijden et al., 2006), and Saanich Inlet (green triangles) 
(Russell and Morford, 2001) shown for comparison. Data from the darker layers 
from Core U1466B-56R fall below the 0.1 cutoff and support a preservation origin 
for these intervals.
tween Mo/TOC ratios presented by Algeo and Lyons (2006) would 
suggest a ventilation age for the ancient inner sea of between 10 
and 100 yrs, intermediate between basins such as the Black Sea 
(ventilation age > 500 yrs) and the Saanich Inlet (ventilation age 
< 2 yrs) (Algeo and Lyons, 2006). Another proxy which has been 
used to distinguish the roles of productivity and preservation is 
the Cd/Mo ratio (Sweere et al., 2016). These workers distinguished 
areas with high organic contents produced by upwelling on the 
basis of Cd/Mo ratios greater than 0.1 compared to those in which 
high TOC was a result of preservation. In the data presented in 
Fig. 7, the Cd/Mo ratios are elevated in the lighter layers (Fig. 12), 
suggesting that these are influenced by upwelling while the darker 
layers have Cd/Mo ratios indicative of anoxia (<0.1). While this is 
consistent with the δ15N values which are elevated in the lighter 
layers in sediments, the Cd/Mo ratios can be dominated by trends 
in the trace element composition of the detrital fraction. Hence the 
principal conclusion which can be drawn here is that the darker 
layers have low Cd/Mo ratios which strongly support a preserva-
tion origin.
4.3. Dilution
The role of sediment dilution has been proposed to account for 
the alternation of organic-rich and organic-poor layers in some 
instances (Bohacs, 2005). In order to explore this idea in Core 
U1466B-54R we can assume a constant flux of Al (presumably de-
rived from dust) as well as a constant input of organic material 
from the surface ocean.
We then calculate the increase in sedimentation rate needed to 
dilute the Al from the high concentrations seen in the darker lay-
ers to the lower values in the lighter intervals. Consider the dark 
layer from Core Section U1466B-54R-1, 80-87 cm (Fig. 2) which 
has an approximate Al concentration of between 2000 and 5000 
ppm and a TOC between 12 and 17%. The transition to the overly-
ing lighter zone (Core Sample U1466B-54R-1, 63-73 cm ) is marked Fig. 13. Cartoon demonstrating how sea level changes could lead to the devel-
opment of anoxia. In the upper panel the inner-atoll basin is connected to the 
surrounding ocean and water flows freely into the basin. In the lower panel, sea 
level has fallen and access to the basin becomes restricted leading to the develop-
ment of anoxia.
by a reduction in the Al concentration to 150 ppm and the TOC to 
0.03%. While the concentration of Al could be reduced by increas-
ing the rate of sedimentation by between 10-30 times, this would 
be insufficient to reduce the TOC to that observed. Therefore while 
sedimentation rate may play a role in causing variations in the 
preservation of organic material, it is unlikely to have been a ma-
jor causative factor in controlling the TOC of the sediments in this 
case.
4.4. Consensus
While based on the variations seen in the concentrations of 
various trace elements, there appears to be some evidence for 
enhanced productivity, perhaps driven by input of dust, as well 
as some role for sediment dilution, it is likely that the principal 
reason for the elevated TOC is enhanced preservation as a result 
of anoxia. Such anoxic conditions could have arisen in response 
to sea-level changes, allowing the bottom waters in the basin to 
become isolated by virtue of a relatively shallow sill depth con-
necting the enclosed basin to the surrounding ocean. A similar 
control has been postulated for the organic-rich sediments in the 
Cariaco Basin (Peterson et al., 1991), and Black Sea (Lyons, 1991)
and it is probably more than coincidental that the Mo/TOC ratios 
within the dark layers from the Maldives Core U1466B-56R are 
similar to those found in the Cariaco Basin. A potential model of 
this mechanism in shown in Fig. 13. Support for this mechanism of 
sea-level variation driving restriction and enhanced organic mat-
ter preservation comes from other paleoceanographic indicators 
from this time. During the late Oligocene-Early Miocene changes 
in the volume of the Antarctic ice sheet produced variations of 
approximately 50 m in sea level, well documented in the ben-
thic (Cibicides spp.) oxygen isotope record (Liebrand et al., 2017;
Zachos et al., 2001). Such variation is also present in the δ18O val-
ues of the carbonate fraction in Core U1466B-56R, which shows 
oscillations of about 1 between the dark and light layers. The 
changes in TOC tend to lag changes in the δ18O values, as would 
be expected if sea level were a driving force in the preservation 
of TOC (Fig. 7). Sea-level control of anoxia is also supported by 
the spectral analysis of the gamma radiation and electrical re-
sistivity signals obtained from downhole logging. These data re-
veal the presence of signals approximately coincident with tilt 
(40 Ky) and eccentricity (100-120 Ky) frequencies (Figs. 10A & B). 
Higher gamma ray signals are predominantly the result of in-
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bottom-water anoxia which in our model would be formed dur-
ing sea-level low stands. Similar spectral frequencies were noted 
in the Zachos et al. (2001) and Liebrand et al. (2017) datasets. 
The 20 K frequency was not observed in this study because of 
the low spatial resolution of the downhole logging data relative 
to the rate of sediment deposition. We do not see a mecha-
nism such as that proposed for the production of sapropels in the 
Mediterranean in which increased freshwater input was respon-
sible for the development of anoxia (Emeis and Weissert, 2009;
Rossignol-Strick, 1985). In the case of the Maldives there are no 
major rivers influencing the region, such as in the Mediterranean, 
and therefore all the freshwater would have to be derived from 
rainwater. Not only would the volumes of water necessary be un-
realistic, but this freshwater would cause the carbonate component 
to have more negative δ18O values during the periods of dark layer 
formation, the opposite of what is observed.
4.5. Changes during the deposition of the ‘dark and light’ interval
Several observations shed light on the evolution of the light 
and dark sequences. First, the frequency of the alternations and 
variations in TOC are much greater in the older portion of the se-
quence suggesting that the isolation of the basin was much more 
effective during this time. Hence, later intervals did not experi-
ence the same degree of anoxia as evidenced by the lower TOC 
and the presence of burrows. At the same time the δ13CTOC val-
ues, while not showing significant changes between dark and light 
layers, show an overall increase from the bottom to the top of 
the dark and light interval (23.1 to 20 Ma) (Figs 8 & 9). These 
more negative values may have originated from higher input of 
terrestrial material at the bottom of the sapropel-bearing interval. 
Such an interpretation is supported by the relative distribution of 
short (C14–C18) and long (C24–C32) chain fatty acids (See supple-
mental material, Fig. S1-1 and S1-2) and changes in the C/N ratio 
of the TOC. The short chain fatty acids are mainly derived from 
aquatic organisms such as phytoplankton, while long ones are de-
rived from higher plants (Cranwell, 1974; Ishiwatari et al., 2006;
Meyers and Eadie, 1993). The trend within the dark and light 
intervals at Site U1466 shows a pronounced decrease from the 
bottom to the top of the interval. This may be a result of an in-
crease in water depth from the late Oligocene to the Early Miocene, 
meaning that the changes in sea level would be less effective in 
producing anoxia, or alternatively a reduction in the magnitude 
of sea-level changes as suggested by the data of Liebrand et al.
(2017). At Site U1468 there is a statistically significant decrease 
in the C/N ratio in this interval, also interpretable as a reduction 
in the influence of terrestrial plants (Meyers and Eadie, 1993). At 
Site U1466, the C/N ratio is already close to the value expected for 
marine TOC throughout, and more positive δ13CTOC values com-
pared to Site U1468 suggest that the site received less terrestrial 
TOC.
4.6. Impact of dark and light layers on the global carbon cycle
Numerous studies have noted that there was globally an ap-
proximate 0.5 increase in the δ13C values of certain foraminifera 
coincident with the Oligocene-Miocene boundary (Hodell and 
Woodruff, 1994; Liebrand et al., 2017; Woodruff and Savin, 1989;
Wright and Miller, 1992), although no specific carbon burial event 
has been identified that coincides with this change. Whilst the 
direction and the timing of the change is consistent with the in-
creased burial of organic carbon noted in this paper, the amount 
of carbon theoretically deposited in the Maldives during this time 
interval is insufficient to induce a global change in the δ13C value 
of seawater DIC of 0.5. For example, if similar sapropels were present in the Maldives at the same time, then the potential area 
available for these to form would be ∼45,000 km2. Assuming that 
50% of these strata were similar to the dark layers found in this 
study and that they contained on average 10% organic carbon, 
then the amount of buried organic carbon, based on a Berner type 
model (Berner et al., 1983), would be approximately 100 times less 
than needed to account for the observed change in the global δ13C 
value and other processes are therefore necessary to account for 
the change in δ13C values, or other sites of organic accumulation 
must have been active at this time.
5. Conclusions
We have identified the presence of ∼100 m thick sequences of 
organic-rich sediments (sapropels) alternating with organic poor 
oceanic carbonates in Late Oligocene and Early Miocene strata in 
the Maldives Archipelago. The organic-rich components contain up 
to 30% organic carbon and have trace element signatures character-
istic of formation within anoxic bottom waters. These alternations 
occurred within an atoll-like setting over 1000 m above the sur-
rounding ocean basin. Based on stable O and C isotopic variations 
within the carbonate components as well as spectral analysis of 
downhole logging data, we propose that these sapropels formed 
in response to the variations in orbitally induced sea-level fluc-
tuations linked to Antarctic ice volume changes superimposed on 
a major transgression, which flooded a Late-Oligocene shallow-
water carbonate platform. From the initiation of sapropel depo-
sition around 25 Ma, sea level gradually decreased over a period 
of ∼2 Myrs (Fig. 6). Superimposed on this decrease were glacially 
driven changes which, because of the long term decrease in sea 
level, were more effective at isolating the inner sea thereby caus-
ing the bottom waters to become anoxic and conducive to the 
preservation of organic material. Toward the end of the sapropel-
bearing interval (22.5 – 20 Ma) sea level increased and the isola-
tion of the bottom water became less effective and the intensity 
of the sapropels diminished. While sea-level induced ventilation 
has been proposed for the development of anoxia in closed basins 
such as the Cariaco Basin (Peterson et al., 1991) and Mediterranean 
(Emeis and Weissert, 2009) leading to the formation of sapropels, 
subtle changes in sea level might also be responsible for the for-
mation of organic-rich intervals within other carbonate platform 
settings.
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